Abstract | A vast array of microorganisms from all three domains of life can produce electrical current and transfer electrons to the anodes of different types of bioelectrochemical systems. These exoelectrogens are typically iron-reducing bacteria, such as Geobacter sulfurreducens, that produce high power densities at moderate temperatures. With the right media and growth conditions, many other microorganisms ranging from common yeasts to extremophiles such as hyperthermophilic archaea can also generate high current densities. Electrotrophic microorganisms that grow by using electrons derived from the cathode are less diverse and have no common or prototypical traits, and current densities are usually well below those reported for model exoelectrogens. However, electrotrophic microorganisms can use diverse terminal electron acceptors for cell respiration, including carbon dioxide, enabling a variety of novel cathode-driven reactions. The impressive diversity of electroactive microorganisms and the conditions in which they function provide new opportunities for electrochemical devices, such as microbial fuel cells that generate electricity or microbial electrolysis cells that produce hydrogen or methane.
Microorganisms that can generate an electrical current have been of scientific interest for more than a century 1 , and microorganisms that can directly transfer electrons without added mediators or electron shuttles are the focus of modern bioelectrochemical systems (Box 1). Such systems are at various stages of development into different technologies that include microbial fuel cells (MFCs) for electricity production, waste water treatment and sensing of toxic chemicals, and microbial electrolysis cells (MECs) for electrochemical production of hydrogen or methane gas, as well as other microbial electrochemical technologies (METs) that can be used to desalinate water or produce chemicals such as hydrogen peroxide 2, 3 . METs use microorganisms that transfer electrons to a solid electrode (exoelectrogens) or that receive electrons from the electrode (electrotrophs) 3 . Microorganisms transfer electrons to the anode using different methods, including by direct contact of outer membrane cytochromes on the cell surface or on conductive extensions [4] [5] [6] , through self-produced mediators such as flavins that can shuttle electrons between the cell and the anode 7, 8 and through conductive pili that can achieve long-range electron transfer. As these mechanisms are summarized in several recent reviews [9] [10] [11] [12] , we do not examine them in detail here. In MFCs, spontaneous oxygen reduction at the cathode is the usual means of current generation, typically using platinum or activated carbon as the catalyst, although cobalt, manganese or other materials have been used 13 ( Fig. 1 ). The highest current densities to date come from mixed cultures that are usually dominated by Deltaproteobacteria of the genus Geobacter. However, many other microorganisms can transfer electrons to an anode. Electrons from the cathode can also fuel abiotic or microbially assisted chemical reactions other than oxygen reduction. Some of these reactions, depending on the specific chemicals and conditions, are spontaneous, whereas others require an additional power source. For example, MECs with a bioanode can spontaneously produce hydrogen if the catholyte has a very acidic pH. A variety of metals can function as favourable electron acceptors to produce spontaneous current, but hydrogen production at neutral or alkaline catholyte pH values requires additional voltage (Fig. 1) . Many different microorganisms, including bacteria and archaea, can grow in pure and mixed cultures using electrons derived from the cathode and different electron acceptors, including nitrate, sulfate and many metals. Perhaps not surprisingly, there is also evidence of direct interspecies electron transfer (DIET) between exoelectrogenic and electrotrophic microorganisms in defined experimental conditions (that is, co-cultures) and in bioreactors such as anaerobic digesters. In this Review, we survey the incredible diversity of electroactive bacterial, archaeal and eukaryotic microorganisms (Fig. 2 ), ranging from model exoelectrogens such as Geobacter sulfurreducens 14 and Shewanella oneidensis MR-1 (reF. 15 ) to novel and genetically engineered microorganisms.
Bioelectrochemical systems
Devices that contain microorganisms that donate to or accept electrons from an electrode.
Microbial electrochemical technologies
(MeTs). Bioelectrochemical systems that are used for a specific purpose, for example, microbial fuel cells used to produce electricity.
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Exoelectrogenic microorganisms
Pure culture experiments have shown that many microorganisms, from all three domains of life, are exoelectrogenic 16 ( Fig. 2a) , including bacteria in the Firmicutes and Actinobacteria phyla and in all classes of Proteobacteria, archaea such as the hyperthermophile Pyrococcus furiosus and eukaryotes such as Saccharomyces cerevisiae (Fig. 2a) .
The power produced in MFCs is typically not more than a few watts per square metre of projected electrode surface area, which is orders of magnitude lower than chemical fuel cells. The amount of power that microorganisms can produce varies widely, with higher power densities sometimes achieved only after long acclimation times in the selective environment of the MFC. Direct comparisons of MFC power densities are possible only when all solution conditions, materials, temperatures, media and reactor conditions (such as electrode spacing) are the same, but that is often not possible given the different growth requirements of cells and the choice of experimental conditions. Even if experimental conditions are identical, power densities can vary owing to electrode age and biofilm development. For example, maximum power densities varied by 15% (1.36 ± 0.20 W m −2 ) in 24 studies in the same laboratory with similar inocula, electrolytes and materials (waste water inoculum, acetate in 50 mM phosphate buffer, graphite fibre brush anodes and platinum-catalysed cathodes) 17 . For pure cultures of single organisms, no similar comparison of identical but independent studies has been done so far.
Test conditions and reactor configurations vary widely, ranging from simple two-chamber studies with two bottles connected by small tubes (referred to as H cells) and aerated catholytes to provide oxygen for the reduction reaction to more optimized systems using a ferricyanide catholyte or single-chamber, air cathodes. Ferricyanide is not practical for MFC applications, as it requires energy to regenerate this chemical, but in the laboratory it is useful for growing strictly anaerobic cultures because oxygen can leak through air catho des into the anolyte and reduce or prohibit power production by certain exoelectrogens 18 . Ferricyanide, however, can inflate power densities compared with those possible using oxygen owing to its more favourable thermodynamic potential.
The area used to normalize power production can also make it difficult to compare power densities between studies. Typically, power is normalized to one of the electrodes, usually the cathode. However, when different-sized electrodes are used, for example, much larger anodes than cathodes, normalizing power to the cathode can exaggerate the power densities compared with equally sized anodes and cathodes 19 . In MFCs with same-sized electrodes, the highest power densities have reached 4,700 mW m −2 and 6,400 mW m −2 using mixed cultures 20, 21 . Large distances between electrodes and the use of membranes can reduce power densities relative to those possible in single-chamber systems with closerspaced electrodes. For example, in typical two-chamber H-type cells that have a membrane in the small tube separating the chambers, high internal resistance limits power. This resistance arises from the low conductivity of the solution, the small cross-sectional areas of the membrane and large distances between the electrodes in the two chambers 22 . Even with all these differences due to designs and operational conditions, microorganisms can be categorized according to the power densities that are possible in pure cultures: low power production, with <10 mW m −2 , suggesting that these microorganisms cannot efficiently perform exogenous electron transfer; <100 mW m −2 , although it is uncertain whether current is limited by the ability of the microorganism to transfer electrons or by the reactor architecture; and >100 mW m −2 under optimal reactor conditions and with efficient exoelectrogenic microorganisms, enabling power production in many cases to exceed >1,000 mW m −2 (Fig. 3) .
Exoelectrogenic bacteria. G. sulfurreducens is the most important current-producing bacterium, and it is the most commonly identified exoelectrogenic species in MFCs inoculated with highly diverse and concentrated microbial samples, using media with a near-neutral pH and fresh water to slightly saline water and moderate temperatures. When the inoculum comes from sediments or waste water and the reactor is fed acetate in a bicarbonate-buffered or phosphate-buffered medium under the above conditions, G. sulfurreducens usually predominates [23] [24] [25] . In one study, however, the abundance of Proteiniphilum acetatigenes increased, whereas the abundance of Geobacter spp. decreased with increasing MFC power output, peaking at 6,400 mW m −2 Box 1 | The three periods of microbial fuel cell development michael Potter is often credited with the first studies of generation of an electrical current by several microorganisms 1 , including by what are now named Escherichia coli and Saccharomyces cerevisiae. Subsequently, these microorganisms were found to have very poor abilities to transfer electrons to a carbon electrode and for a long time were considered by most researchers not to be exoelectrogenic 18 . It was possible that chemicals in the medium, such as those in yeast extract including certain B vitamins and flavins, provided sufficient mediators (that is, electron shuttles) to produce current in Potter's experiments. More recently, relatively high power densities have been reported for these two microorganisms but always with yeast extract in experiments with S. cerevisiae. Many studies have reported very little current generation using pure cultures of E. coli, although other laboratories found high current generation. It is also possible that the electrical current in Potter's studies was derived from the electrochemical potential produced by these microorganisms under highly reducing anaerobic conditions relative to the counter electrode. Concentration differences in carbon dioxide alone, for example, can generate low current in an electrochemical cell under abiotic conditions 3, 131 .
The second era in microbial fuel cell (MFC) development was based on the use of exogenous mediators, but most chemicals were toxic and expensive, and thus, they offered no practical applications 132, 133 . The third, modern era is characterized by MFCs that directly generate current without the need for exogenous mediators. In 1999, Kim and colleagues showed direct current generation (no mediators were added to the fuel cell) from pure cultures of the iron-reducing microorganism Shewanella putrefaciens to develop biosensors [134] [135] [136] [137] . Rapid advances subsequently showed current generation from anaerobic sediments to power marine sensors 138, 139 , high current densities in mixed cultures with acetate and glucose 44, 140 and waste water treatment in different types of electrochemical devices 141, 142 . Chemicals in nature undergo natural cycles of oxidation and reduction, and thus it was not surprising that experiments demonstrating oxidation of organic compounds and transfer of electrons to the anode were soon followed by discoveries that microorganisms could also accept electrons from the cathode and reduce chemicals. The first microorganism that was shown to accept electrons from an electrode was Geobacter metallireducens, which reduced nitrate to nitrite, although it could not grow using only electrons from the cathode 72 . Since then, many microorganisms have been shown to either donate or accept electrons from an electrode.
Catholyte
An electrolyte that surrounds the cathode when a bioelectrochemical system is divided into two chambers; if there is only one chamber, the cathode is exposed to the anolyte.
Exoelectrogenic
The ability of microorganisms to transfer electrons outside the cell.
Electrotrophic
The ability of microorganisms to accept electrons into the cell from external sources.
Single-chamber
A single-chamber microbial fuel cell (MFC) is an MFC with an air cathode that is exposed to air on one side and water on the other side. By contrast, two-chamber systems are reactors with a membrane that separates the anode and cathode chambers.
www.nature.com/nrmicro (reF. 21 ). However, P. acetatigenes was not shown to be exoelectrogenic. For complex substrates, such as dairy, domestic, potato and winery waste waters, Geobacter spp. are typically the most abundant known exoelectrogens, although other fermentative bacteria may be more abundant owing to the need to break down the complex organic substrates 24, 26, 27 . In pure cultures, G. sulfurreducens KN400 (with a ferricyanide catholyte) produced one of the highest known power densities of 3,900 mW m −2 (reF. 28 ). Geobacter spp. produce and transfer electrons through highly conductive pili, enabling efficient transfer of electrons to the anode. Most other exoelectrogenic microorganisms must make direct contact with the anode or produce and release electron shuttles (mediators), which typically do not reach sufficient concentrations to sustain high current densities. 4, 35 . If the cells are not on a surface, then frequent contact of suspended cells with the anode is necessary to release the stored electrical charge 7, 36 . Therefore, Shewanella spp. usually produce less current than G. sulfurreducens. For example, a direct comparison of S. oneidensis MR-1 and G. sulfurreducens PCA growing on lactate in the same medium and under conditions thought to be optimal for MR-1 showed that current densities were higher for strain PCA than strain MR-1 (reF.
37 ). Whereas PCA respires acetate and lactate to produce energy, MR-1 relies on substrate-level phosphorylation of lactate 38 . Notably, Shewanella putrefaciens produced 4,400 mW m −2 with specially designed electrode materials 39 . In the environment, mediators such as flavins have been detected in marine sediments and pore waters, with the concentrations positively correlated to the concentrations of dissolved manganese, which suggests that the flavins might contribute to the reduction of insoluble manganese through extracellular electron transfer 40 . Escherichia coli has a legacy as non-exoelectrogen and is often used as a non-exoelectrogenic control 18, 41 . However, under special conditions, E. coli can be used to produce current. Certain strains, after extended cultivation or cultivation with chemically treated electrodes, have been reported to produce power densities as high as 3,800 mW m −2 (reF.
42
), which is comparable to power production by Geobacter or Shewanella strains 28, 39 . One omission in E. coli studies, and indeed nearly all pure culture tests, is a lack of proof that the cultures remained pure over time, which is especially a concern when many feeding cycles involve medium replacement, which risks culture contamination. All pure culture results should be verified by tests such as cloning and sequencing of 16S rRNA genes to demonstrate a lack of culture contamination, for example, by Geobacter spp.
Many other microorganisms, such as Bacillus subtilis and Klebsiella aerogenes (formerly known as Enterobacter aerogenes), typically produce quite low current densities in pure cultures (Fig. 3) . Thus, it has been proposed that such low-power-producing microorganisms are classified as weak exoelectrogens and that production of low current densities is associated with unique roles in biofilm microbial ecology 43 . For example, mediators from Pseudomonas putida help this microorganism to respire using exogenous electron acceptors, but they are toxic to other bacteria and thereby provide
Anolyte
The electrolyte that surrounds the anode in a bioelectrochemical system. in one-chamber systems, the cathode is exposed to the same electrolyte. Microbial fuel cells and other types of microbial electrochemical technologies contain microorganisms on the anode, cathode or both electrodes. Single-chamber systems do not contain a separator, whereas two-chamber systems contain a separator to better isolate the microorganisms or chemicals within only one of the two chambers. The separator can be made out of cloth, size-selective membranes, ion exchange membranes or stacks of membranes (to produce power, for example, from salinity gradients). Exoelectrogenic microorganisms from all three domains of life can produce current on the anode, whereas only bacteria and archaea have been found to function as electrotrophs on the cathode. The electrodes can be treated with catalysts or binders to enhance electron transfer or interactions of microorganisms with the electrodes.
Anode
Mediators can be present that shuttle electrons, but only mediators produced by the microorganisms are usually of interest so that no additional chemicals need to be added to these systems. 
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Comamonas testosteroni KS 0043 E u r y a r c h a e o ta a competitive advantage in certain environments [44] [45] [46] [47] . Competition in biofilms involves many factors, and the ability to conduct current may not be the only or main reason for the predominance of high-powerproducing bacteria. For example, some bacteria in a mixed culture have been found to be capable of higher power production than the mixed culture biofilms they were isolated from that had a greater predominance of other exoelectrogens 48 . Some bacterial strains have shown high power production in long-term cultures, but it is not clear that they can maintain such properties over time. Long-term evolution or repeated culture transfers enabled the development of high-power-producing strains of G. sulfurreducens KN400 (reF. 28 ), E. coli 49 and Rhodopseudomonas palustris 28 . In the latter case, the capacity for high power production was lost when the culture was stored and later revived. Exoelectrogenic microorganisms have been found in many extreme environments that have novel methods of electron transfer and other unique properties (Box 2).
Some results on power production must be viewed with caution owing to medium composition, calculation errors or side reactions. For example, the addition of yeast extract in the medium will introduce mediators such as flavins (for example, riboflavin) 50 , and thus, results with yeast extract do not necessarily indicate the ability of microorganisms to produce current directly with an electrode or self-produced mediators. Several studies included in Fig. 3 used high concentrations of yeast extract (1-5 g l −1 ), which could facilitate power production through mediators. Errors in units have also led to publication of inaccurate current or power densities. For example, one study reported milliamperes instead of microamperes, resulting in current densities exaggerated by three orders of magnitude 51 . Power densities in MFCs that approach or exceed calculated maxima of 15-17 W m −2 (based on a first order reaction using microbial kinetics) 2, 52 , especially under relatively non-optimal conditions (for example, low conductivity solutions or high internal resistance systems), should be challenged as either an error or a result of non-microbiological reactions. For example, it was claimed that 30 W m −2 could be produced with Enterobacter cloacae 53 , but this study was later retracted owing to errors 54, 55 . Another study reported 40 W m −2 with a microbial anode 56 , but current generation was likely due to copper anode corrosion. Copper is toxic to bacteria, and it can be unsuitable as an anode 57 , although the use of copper remains controversial 58 . A specific reason for a high power density needs to be identified to publish such a finding, or such claims need to be confirmed by independent experiments in other laboratories. 
59
). No yeast extract was used, but resazurin, which is an electron shuttle, was used in the medium, and thus, power production needs to be confirmed in the absence of this chemical. Two other hyperthermophiles known to reduce solid iron and oxidize acetate have produced current densities of 680 mA m −2 at 85 °C (F. placidus) and 570 mA m −2 at 80 °C (Geoglobus ahangari) in MECs using a defined medium and no resazurin 60 . In comparison, G. sulfurreducens PCA produced 1,900 mA m −2 in the same reactors 60 . How archaea carry out exogenous electron transfer is unknown.
Methane has been used as a fuel in MFCs but under conditions where microorganisms such as Geobacter spp. were likely responsible for current generation 61 . Mixed cultures generated current in single-chamber MFCs using a medium saturated with methane, and no current was obtained without the methane, but Geobacter spp. and methanogens grew on the anode, and thus both were likely needed for current production 61 . Direct evidence for methanol being an intermediate in power generation from methane was shown in a two-stage process where methane was converted to methanol by methanogens in the first stage, and power was produced in a secondstage MFC likely from methanol oxidation to acetate 62 . Another study genetically engineered the methanogen Methanosarcina acetivorans to produce current in an MFC from methane, but other known exoelectrogens identified in the biofilm were thought to be responsible for current generation (reF.
66
). Generating higher power is possible using optimized materials, for example, Candida melibiosica produced 720 mW m −2 with a nickel nanostructured carbon felt anode and a ferricyanide catholyte 67 . Anode modification with mediators and immobilized S. cerevisiae cells enabled 2,440 mW m −2 (reF. 64 ). Most (but not all) MFC studies with Saccharomycetaceae have used yeast extract, which as previously noted can introduce mediators 68 . However, yeast extract does not necessarily increase power. In one study, current doubled when yeast cells were subsequently grown in a medium lacking yeast extract (containing only carbohydrates in an acetate buffer) 64 . Electron transfer through endogenous mediators secreted into solution has been shown for few species (Blastobotrys adeninivorans (formerly known as Arxula adeninivorans), C. melibiosica and Pichia stipitis) 64, 69 , but there is also evidence for direct electron transfer . Progress in using yeast in MFCs may be limited by the more complex and compartmentalized structure of eukaryotic cells compared with bacteria and archaea and a lack of knowledge about the specific components of the yeast cell membrane that could be involved in exogenous electron transfer. Future studies using yeasts as biocatalysts should elucidate the electron transfer process and demonstrate current generation in the absence of yeast extract.
Electrotrophic microorganisms
Bacterial biocathodes. Bacterial biofilms have long been known to facilitate oxygen reduction on metals 70 , and in a seawater fuel cell biofilms on a carbon cathode improved power generation using a sacrificial magnesium alloy anode 71 . Electrotrophic activity by pure cultures in a bioelectrochemical cell was first reported for Geobacter metallireducens, which converted nitrate to nitrite 72 , and later for the betaproteobacteria Alcaligenes faecalis. Many studies have shown nitrate reduction by biocathodes [73] [74] [75] , but few involved pure cultures. Several Desulfopila 76 and Desulfovibrio 77 strains can reduce sulfate, and Desulfovibrio paquesii can produce H 2 gas but only at highly negative potentials (−900 mV versus a standard hydrogen electrode or lower) 78 . One of the first pure culture studies that showed electrotrophic oxygen reduction used Klebsiella pneumoniae, which reduced manganese oxides deposited on the cathode 79 and increased oxygen reduction on stainless steel electrodes 80 . Several bacteria were isolated from electroactive cathodic biofilms that produce modest currents in seawater: most often Proteobacteria (Acinetobacter johnsonii, Pseudoalteromonas spp., Marinobacter spp., Gammaproteobacteria, Roseobacter spp. and Alphaproteobacteria 81, 82 ) but also Bacteroidetes (Winogradskyella poriferorum 81 ) and Firmicutes (Bacillus spp. 81 ). Some bacteria that show high levels of oxygen reduction in biocathodes can be identified through metagenomic analysis but so far have not been grown in pure cultures, such as Candidatus Tenderia electrophaga 83 . Biocathodes can reduce many different metals, offering a potential route to recover metals from waste water 84 . Some of the bacteria used for this purpose are model exoelectrogens. For example, G. sulfurreducens and S. oneidensis can reduce and precipitate particles of pure palladium 85 . Other bacteria oxidize iron, such as the chemolithotrophic bacterium Acidithiobacillus ferrooxidans 86 . Biofilms that generate hydrogen on a cathode under anoxic conditions 87 could be very useful for all biocathodes if the hydrogen then fuels reduction of other electron acceptors, including nitrate, sulfate, metals and carbon dioxide. G. sulfurreducens PCA increased hydrogen production from a cathode 88 , but 
Biocathodes
Cathodes that transfer electrons to microorganisms on the electrode surface.
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this strain is not autotrophic, and therefore its growth on the cathode cannot be sustained without an organic substrate. Hydrogen-producing biofilms predominantly contain Desulfovibrio spp. 78 . Biocathodes that use electricity to reduce carbon dioxide to multi-carbon organic molecules, in a process termed microbial electrosynthesis, are of great interest for the production of industrial feedstocks and biofuels 89, 90 . Initial studies demonstrated that acetogenic bacteria, such as Sporomusa spp. and Clostridium spp., can accept electrons from cathodes and reduce carbon dioxide to acetate 91, 92 . Subsequently, several other strains were shown to produce acetate from electrical current [93] [94] [95] ( Fig. 4) . However, the current densities were all relatively low (typically <10 mA m −2 ), and the cathodic coulombic efficiencies (that is, consumed electrons present in products) were highly variable (34-91%). Mediators may have had a role in current generation in some of these studies, as five of the seven studies that reported current densities >100 mA m −2 used yeast extract. Furthermore, several studies used potentials more negative than were needed to produce hydrogen gas under standard conditions
Box 2 | Novel exoelectrogens
In extreme environments other electroactive microorganisms not belonging to the Geobacteraceae family can predominate. Furthermore, novel exoelectrogens emerged, for example, with unique electron transport systems such as cable bacteria and exoelectrogenic ammonia-oxidizing bacteria that accomplish complete nitrogen removal.
Electroactive extremophiles
Microorganisms that can transfer electrons to a surface or another microorganism appear not to be limited to mesophilic temperatures or typical ranges of salinity and pH. Several pure cultures have produced current at thermophilic tempera tures (optimum >45 °C), for example, the bacteria Calditerrivibrio nitroreducens 143 (55 °C) and Thermincola ferriacetica 144 (60 °C). Exoelectrogenic activity has also be found for hyperthermophilic archaea (optimum >80 °C), such as Pyrococcus furiosus 59 , Ferroglobus placidus and Geoglobus ahangari 60 . The mechanisms that these microorganisms use for exocellular electron transfer are not well studied, but these microorganisms have a large number of cytochromes and can reduce solid metal oxides.
Exoelectrogenic microorganisms have been found in environments with extreme pH variations; for example, Acidiphilum sp. strain 3.2 Sup 5, isolated from the acidic Rio Tinto river, produced 3 A m −2 at the highly acidic pH of 2.5 (reF.
145
). Bacteria have also been isolated that can generate current under highly alkaline conditions (pH = 9.3) 146 and highly saline conditions (for example, G. ahangari, up to 3.8% NaCl) 147 . Thus, there are no intrinsic barriers to current generation at extreme conditions of temperature, pH and salinity. The use of extreme conditions, such as high temperatures, can have certain advantages such as faster growth rates or reduced chances of contamination by other microorganisms.
Cable bacteria
Cable bacteria, of the family Desulfobulbaceae, grow as electrically conductive multicellular filaments (cables) that can reach to >1 cm in length 148 , enabling long-range electron transport. They have been assigned to the candidate genera Candidatus Electrothrix (freshwater sediments) and Candidatus Electronema (marine sediments) and grow at oxic-anoxic interfaces 149 . Cells in the anoxic depths of the sediment oxidize sulfides, with electrons travelling along the conductive cables to cells that extend into the oxic sediment-water interface and reduce oxygen or nitrate. It has recently been suggested that they can use a positively poised solid anode as an electron acceptor owing to the attachment of cable bacteria to anode fibres in a benthic microbial fuel cell (MFC) 150 .
Ammonia-oxidizing exoelectrogens
The finding that bacteria can fully oxidize ammonium to nitrogen gas, with the anode serving as an electron acceptor, is an exciting development. Electroactive bacteria of the genus Nitrosomonas were recently shown to perform anoxic autotrophic ammonium oxidation in dual chamber microbial electrolysis cells (MECs), with nitrogen removal rates of 35 g m −3 day −1 (reF.
151
), which is comparable to conventional nitrification and denitrification processes (21-58 g m −3 day
−1
). The electrochemical activity of anaerobic ammonium-oxidizing (anammox) bacteria is not well investigated, although anammox communities related to Candidatus Brocadia sp. have been shown to be enriched in anode compartments 21, 152 . Enriched cultures of the strain KSU-1 had different total nitrogen removal rates in response to different electrode potentials 153 . More recently, electrochemical activity has been confirmed in highly enriched cultures (>99%) of the anammox bacteria Candidatus Brocadia sinica and Candidatus Scalindua sp.
154
. The ability of microorganisms such as Acidimicrobiaceae spp. A6 to oxidize ammonia and reduce iron has been termed feammox 155 . Similarly, 'electroanammox' involves anoxic ammonium oxidation coupled to current generation in single-chamber MECs with no accumulation of intermediates such as nitrate, nitrite and nitrous oxide 156 .
Other predominant exoelectrogens
Other novel exoelectrogens can arise in different settings such as engineered bioreactors. For example, in singlechamber, air-cathode MFCs operated for 1 year and fed domestic waste water, the microbial community fluctuated, with early stages dominated by members of the genus Geobacter, but in later stages, close relatives of Desulfuromonas acetexigens were predominant, suggesting some role of this bacterium in electricity generation 157 . D. acetexigens strain 2873 was first isolated in 1994 from digester sludge of a sewage treatment plant 158, 159 , but it was recently shown to produce high peak current densities (9 A m −2 ) in MECs fed with acetate 160 . This bacterium is promising for its application in microbial electrochemical technologies because it contains genes coding for outer membrane cytochromes that are known to have a key role in current generation in both G. sulfurreducens (OmcE, OmcS and OmcZ) and Shewanella oneidensis (OmcA and MtrA). In long-terms studies of MFCs fed different types of waste water, other exoelectrogens might become predominant over time on the basis of a mix of unique characteristics in addition to those needed to produce current in these bioelectrochemical systems.
(−0.414 V). However, hydrogen production can occur at more positive potentials if the bulk phase hydrogen concentration is kept low (for example, at −0.330 V for <10 −3 atm at pH 7) 96 . Thus, the role of direct electron transfer versus acetogenesis of hydrogen gas cannot be well separated in many of these studies.
Archaea on the cathode. Hydrogen-producing MECs with mixed cultures that contain archaea inevitably also produce methane 97 . Pure cultures of methanogens on a cathode can produce methane, but rates are usually low (2.3-44 mmol day −1 m −2 ) 98 , with current densities <500 mA m −2 (Fig. 4) . With mixed cultures, rates have increased to 1,200 mmol day −1 m −2 , with current densities >10 A m −2 (reF. 99 ). The mechanisms used by methanogens to convert this current into methane are debated. Direct conversion of current into methane, referred to as electromethanogenesis, was initially postulated for a mixed culture dominated by Methanobacterium spp. on the basis of much higher methane production rates than those possible using H 2 generated by abiotic cathodes and the lack of another plausible explanation 100 . As a biocathode with a hydrogenase-deficient mutant of Methanococcus maripaludis MM901 produced methane, an involvement of cell-associated hydrogenases was discounted 11 . However, the rate of methane production was only 10% of that produced by the parent strain. It was subsequently shown that cell-free suspensions of spent media of M. maripaludis cultures produced formate or H 2 gas at rates sufficient to explain methane production in tests with the cells present 101 . Thus, it was concluded that direct electron transfer for this species was not needed to account for observed rates of methane production. However, most studies have shown a clear predominance of Methanobacterium spp. on the cathode 102 and most often Methanobacterium palustre using cathode materials that are poor catalysts for hydrogen evolution 100, 103 . Consequently, findings with M. maripaludis cannot necessarily be extended to explain methane production in MECs by Methanobacterium spp. With cathodes containing catalysts that readily support abiotic hydrogen production such as platinum, different methanogens dominate such as Methanobrevibacter spp. 103 , suggesting that the mechanism of methane production is different when hydrogen gas readily arises than when methane is produced from poorly catalysed electrodes.
Microbial electroecology
The ecology of electroactive microorganisms in biofilms is a relatively new and vital area of research. Natural systems are built around cycles, so it is not surprising that electroecological cycles could exist that are sustained by direct electron transfer between microorganisms or indirect exchange using naturally occurring (or engineered) conductive materials. Such exchanges of electrons are explored in controlled studies with specific microorganisms, but there is accumulating evidence that microorganisms have complex symbiotic (or even parasitic) interactions on the basis of electron exchange by direct cell-cell contact, longer-range conductive microbial appendages or pili or using electrically conductive abiotic materials.
Direct interspecies electron transfer. The direct transfer of electrons from exoelectrogens to other microorganisms that occurs between the same species or genera or between completely different phyla is collectively referred to as DIET. Electron transfer between two different microorganisms was first shown in a coculture, in which G. metallireducens transferred electrons -1500 -1000 -500 0 500 derived from ethanol oxidation to G. sulfurreducens 104 ( Fig. 5a ). Bacteria and archaea can also exchange electrons with each other, as shown in a co-culture of G. metallireducens and Methanosarcina barkeri or Methanosaeta harundinacea 105, 106 . Methanosarcina spp. are diverse methanogens that can oxidize hydrogen, acetate and single-carbon compounds such as methanol. Interestingly, M. harundinacea is acetoclastic, which suggests that the mechanisms of DIET involving this archaeon are different than those for methane production from cathodes, which primarily contain Methanobacterium spp.
Another recent area of great interest is increased rates of methane production or ethanol consumption in response to the addition of conductive particles to cell suspensions or to anaerobic digesters. In this setting, electron transfer likely occurs between two microorganisms that are not in direct contact (and not connected by conductive pili); instead, the cells use a conductive surface to facilitate transfer of electrons (Fig. 5b) . For example, adding very small conductive particles (magnetite and semi-conductive haematite) improved rates of methane production by methanogenic communities, but non-conductive ferrihydrite did not 107 . Magnetite can effectively replace c-type cytochromes for electron transfer between G. metallireducens and G. sulfurreducens 108 , and ferrihydrite improved methane production in co-cultures of G. metallireducens and M. barkeri 105 . Furthermore, conductive granular activated carbon (GAC) particles also increased electron transfer between G. metallireducens and M. barkeri 105 (Fig. 5c ). Numerous reports showed that GAC can improve the perfor mance of anaerobic digesters. However, the relative importance of different factors that can increase methane production when particles are added, such as greater particle surface area that can increase the concentration of microorganisms in the system, chemical adsorption (either substrates or inhibitory chemicals) onto very adsorptive surfaces such as GAC or the presence of metals that can function as electron shuttles, has not been well separated from DIET in many studies 109 .
Cooperative power generation. Microorganisms can cooperate synergistically to increase power production, and this synergism can be exploited in applications. In co-cultures with exoelectrogenic microorganisms, other bacteria can facilitate current generation by removal of chemicals or production of a substrate for current generation. For example, in co-culture with G. sulfurreducens, E. coli removed oxygen and thus maintained anaerobic conditions 18, 110 . Another cooperative method of growth was observed for Acetobacter aceti and Gluconobacter roseus. Although both species individually can generate power from substrate oxidation owing to their periplasmic quinoheme protein-cytochrome c complexes and membrane-bound ubiquinone, co-cultures achieved higher rates of substrate removal and a greater maximum power density (140 mW m −3 ) than the individual strains 111 . Often, exoelectrogens can use breakdown products by other cells to generate current. For example, Ruminiclostridium cellulolyticum (formerly known as Clostridium cellulolyticum) fermented cellulose, and these fermentation products fuelled current production by G. sulfurreducens 112 . Mutually beneficial cooperation between fermenters and exoelectrogens also improves power output, as demonstrated in the combination of K. aerogenes and Pseudomonas aeruginosa PA14. K. aerogenes fermented glucose to 2,3-butanediol, which P. aeruginosa consumed, leading to increased phenazine production in P. aeruginosa, which consequently shifted the K. aerogenes metabolism from fermentation towards electrode-based respiration, further increasing the current production 113 . There are many examples of such beneficial relationships between exoelectrogens and other microorganisms and more likely to be identified in the future, especially when the growth medium contains complex mixtures of organic matter.
Interactions of microorganisms that release electrons by different mechanisms. An important feature of Geobacter spp. is their ability to form relatively thick and highly conductive biofilms on electrodes, which 104, 161 . b | Small conductive particles such as magnetite (blue circles) can also facilitate electron transfer, probably in a similar way to cytochromes on the conductive pili; it is not clear whether chains of magnetite particles can facilitate electron transfer in the absence of the pili 9, 162 . c | Conductive particles larger than the cells, such as activated carbon (large grey sphere), might also facilitate electron transfer between microorganisms that are not in direct contact with each other but contact the particles through outer membrane cytochromes or conductive pili 9, 163 . NATure revIewS | MiCrObiOlOgy can enable high current densities 114, 115 . Many other microorganisms do not produce these thick biofilms owing to an inability to produce pili that can conduct electrons over long distances. However, we lack information on how other microorganisms interact with these conductive pili in mixed species biofilms, which could aid in understanding the increased power densities by these mixed cultures compared with pure cultures of Geobacter spp. Other microorganisms also have the ability to form conductive pili, as shown recently when pilin genes from Flexistipes sinusarabici, Calditerrivibrio nitroreducens or Desulfurivibrio alkaliphilus were expressed in G. sulfurreducens instead of its native pilin gene 116 . Unravelling the importance and functions of these microorganisms that harbour conductive pili and their interactions with microorganisms that must make direct contact with a conductive surface (or produce mediators) will be important for understanding the functional electroecology of microorganisms in bioelectrochemical systems.
Genetic engineering and synthetic biology Synthetic biology is being explored to increase performance of known exoelectrogens and to greatly improve current production by microorganisms with little measurable current production in bioelectrochemical systems. Several genetic engineering studies focused on the model exoelectrogen S. oneidensis to improve its substrate range and overall electron flux. Adding genes that encode metabolic pathways from other microorganisms, including E. coli, Zymomonas mobilis, Candida intermedia and Clostridium acetobutylicum, has expanded the substrate range of different S. oneidensis strains from 2-and 3-carbon molecules to 5-and 6-carbon molecules, such as xylose 117 , glucose 118 and glycerol 119 . The addition of a light-driven proton pump from a marine bacterium increased the proton motive force of S. oneidensis and consequently its substrate uptake rate, resulting in a 250% increase in current production 120 . Better overall biofilm conductivity can improve current production by lowering charge-transfer resistance at the biofilmelectrode interface; for example, G. sulfurreducens strain CL-1 with a gene deleted to form more cohesive biofilms produced 70% higher power densities than the wild-type strain 121 . Modifying genes to improve biofilm formation also increased power production by S. oneidensis 122, 123 . As mentioned above, G. sulfurreducens PCA is not capable of autotrophic growth; however, strain ACL was engineered to contain an ATP-dependent citrate lyase, enabling it to use carbon dioxide to generate biosynthetic precursors through the reverse tricarboxylic acid cycle. The engineered strain consumed ten times as much current as the wild-type strain (≥800 mA m −2 ) when grown on a cathode 124 . Increased electron flux is also possible by genetically altering electron shuttle mechanisms. Adding the B. subtilis riboflavin synthesis pathway in S. oneidensis led to a 25-fold increase in flavin production and consequently 15-fold higher current densities than those seen in the wild-type strain 125 . In another example, CRISPR technology was used to manipulate extracellular electron transport in S. oneidensis MR-1 at both the transcriptional and translational level; specifically, CRISPR interference (CRISPRi) and an Hfq-dependent small regulatory RNA (sRNA) controlled current generation by repressing c-type cytochrome mtrABC pathway genes and the biofilm formation genes speF and uvrY 126 . Whereas the MtrABC pathway is crucial for electron transport, SpeF and UvrY negatively affect biofilm formation and thus current generation. A combined CRISPRi-sRNA system led to stronger repression than the individual systems. Overall, these systems could increase (up to 1.7-fold) or decrease (up to 8.7-fold) power generation in S. oneidensis MR-1, depending on the targeted gene. Developing these kinds of regulatory tool is important to efficiently control exocellular electron transfer and power output in known exoelectrogens and to elucidate electron transfer pathways in new or less understood exoelectrogens by allowing for simultaneous multi-gene control and a spectrum of gene repression that is not achievable by knockout techniques.
Bacteria such as E. coli can also be engineered to produce much higher currents than the low levels of the wild-type strains by introducing certain pathways from known exoelectrogens, for example, the Mtr pathway from S. oneidensis MR-1 (reF.
127
). A synthetic cymA-mtr pathway enabled complete lactate oxidation in E.coli, achieving a fourfold increase in current generation to ~160 mA m −2 , with no adverse effects on bacterial survival and anode attachment. Another E. coli strain was modified with a phenazine-1-carboxylic acid synthesis pathway from P. aeruginosa, which functioned as an electron shuttle and thus increased current production as well 128 . Synthetic engineering can also be used to improve cooperation between different microorganisms. In one example of engineered cooperation, B. subtilis strain RH33 was modified to produce multiple copies of the riboflavin operon 129 , resulting in the accumulation of up to 12 g l −1 riboflavin, which was used as an electron shuttle by S. oneidensis MR-1 for improved current production. This cooperative pair achieved a maximum anodic power density of 277 mW m −2 , which is substantially higher than the powers achieved by either pure culture. In another example, E. coli and B. subtilis were engineered to ferment glucose to lactate as a carbon source and riboflavin as an electron shuttle for increased current generation by S. oneidensis 130 . To complete this 'cross-feeding' mutualism, S. oneidensis oxidized lactate to acetate as a carbon source for the two fermenters. This designed cooperation allowed for current generation from glucose, which S. oneidensis cannot utilize as a carbon source, and increased electron transfer and power output. Synthetic biology can also enable a microorganism to use new substrates or to produce chemicals that can be used for current generation by exoelectrogens. For example, a M. acetivorans strain, engineered to express methyl-coenzyme M reductase (derived from anaerobic methylotrophs), converted methane into acetate, which then fuelled current generation by G. sulfurreducens 63 . In a methane-acclimated sludge that included Paracoccus denitrificans, a microorganism that produces electron shuttles, this synthetic consortium achieved a power density of 168 ± 9 mW m −2 .
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Outlook The ability of microorganisms to generate electrical current or to accept and use electrons continues to be a fascinating and rapidly developing field. One barrier to identifying new electroactive microorganisms is a lack of methods to accurately screen if a species is electrochemically active. Phylogenetically, electroactive microorganisms are highly diverse, which makes it difficult to develop small subunit ribosomal RNA-base molecular biology tools to identify them. Also, no conserved functional gene exists, unlike ppk1, which is a marker for phosphorous-accumulating organisms, or amoA in ammonia-oxidizing bacteria, so no PCR primers or fluorescence in situ hybridization (FISH) probes are available to specifically target electrochemically active microorganisms. However, new microorganisms with extracellular electroactivity continue to be discovered, and the mechanisms of electron transfer have expanded with the discovery of cable bacteria that can transfer electrons along the length of filaments to electrically join anoxic and aerobic environments in sediments. Interactions of microorganisms through direct contact, conductive pili or particles open up a wide range of possible ecological relationships within biofilms, which were once thought to be limited by diffusion of simple inorganic and organic molecules. Monitoring the exchange of electrons, however, is much more challenging than that of molecules, as current transport between microorganisms cannot be directly measured. The bioelectroecology of biofilms and the development of microbial communities on the basis of electron transfer are relatively new areas for exploration of how microorganisms can communicate, grow and develop. Technologies based on electroactive microorganisms are still in a nascent stage, but as advances in materials development and our scientific discoveries of methods of electron transfer continue, it can be anticipated that existing MFC and MEC technologies can be further refined and that new applications, for example, as sensors or as interfaces with bioelectronic devices, will be found to exploit the unusual capabilities of these extraordinary electroactive microorganisms.
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